The voltage rise of the low voltage (LV) power distribution grid to which multiple solar photovoltaic (PV) systems are integrated is a critical technical problem that should be addressed. With PV systems that are integrated to the LV power distribution grid (with an $R$ to $X$ ratio greater than unity) via voltage source converters, the opportunity exists to regulate the respective point of common coupling (PCC) voltages by dynamically controlling the active and reactive power response of PV systems. In this paper, two closed-loop controllers that are able to regulate the PCC voltage by dynamically controlling the active and reactive power response of the PV system are presented. The design methodology is presented with considerable detail. The plant model of each controller is derived and the design procedure of each controller is explained in detail. By combining the dynamic active and reactive power controllers proposed in this paper, two novel operating strategies for PV systems, fixed minimum power factor operation and fixed maximum apparent power operation, are introduced. The latter operating strategy has been identified as the most efficient way of regulating the PCC voltage of a PV system. The simulation results and experimental validation confirm the accuracy of the derived plant models, the robustness of the designed controllers and the feasibility of implementing the proposed novel operating strategies in PV systems. 
Introduction
The integration of multiple solar photovoltaic (PV) systems to the low voltage power distribution grid (herein after referred to as the grid) has led to a grid voltage rise problem [1] [2] [3] . The grid voltage may exceed the specified highest voltage of 230 V+10% (herein after referred to as U max ) as in the Australian Standard AS4777.2 [4] , especially in situations when the power generation from PV systems is at a peak and the load on the grid is at a minimum. In such a situation, as per [4] , where the point of common coupling (PCC) voltage is above U max , the PV systems should be automatically disconnected. The disconnection of PV systems leads to loss of energy yield from the installed PV systems and income for the resource owner.
PV systems are integrated to the grid via power electronic converters and, more specifically, often via voltage source converters (VSC) [5] , [6] . A VSC is capable of operating in all four quadrants when designed appropriately. In the grid, the sensitivity of a node voltage to active and reactive power is a function of the grid impedance seen at that particular node. Therefore, the opportunity exists for PV systems integrated to the grid via VSCs to regulate the respective PCC voltage by dynamically controlling the active and reactive power injected and minimise the grid voltage rise.
The static reactive power control methodologies such as constant and variable power factor have been identified as inefficient as these methods may cause additional reactive power flow in the grid even when the grid voltage is well within the limits and may lead to overloading of the distribution transformer [1] . A droop based reactive power control method (U (Q)) has been proposed in [7] which minimises the drawbacks of the static reactive power control methodologies. Strategies devised by [8] , [9] and [10] exploit such a droop-based control scheme, but require systemwide communications in order to ensure a coordinated approach to reactive power control and active power curtailment. In order to implement the U (Q) reactive power control method effectively, grid specific studies or additional decision making control algorithms such as fuzzy logic based adaptive controller presented in [11] and [12] are necessary. The PCC voltage of a PV system can be regulated by a closed-loop controller that dynamically controls the reactive power response of the PV system. Such a controller has been identified as an effective way of regulating PCC voltage with reactive power [1] .
The ability to regulate the PCC voltage with a closed-loop controller that dynamically regulates the reactive power injected to the grid by the PV system is limited. The limitation is mainly due to the limited rating of the VSC that interfaces the PV system to the grid. When the PV system is injecting a certain amount of active power to the grid, only the excess capacity of the VSC, if any, can be used to inject/absorb reactive power. The available limited reactive power capacity of the PV system at a given time may not be adequate to regulate the PCC voltage at U max or at any other specified voltage reference depending on the voltage sensitivity of the PCC. In such a situation active power curtailing is an option to control the PCC voltage in the absence of energy storage systems [3, 13, 14] . Similar to closedloop reactive power control of a PV system, closed-loop active power control can be proposed as an efficient way of regulating PCC voltage of a PV system with active power. The authors of [15] have developed a system of active power curtailment for use in networks which have very high R/X ratios. This scheme results in an unequal curtailment between the devices connected to a highly resistive (R/X > 7) distribution network and consequently an unequal loss of income. A variation to the control is introduced in order to rectify this situation, but the result is a reduction in the overall active power that is injected to the grid.
In the published literature, little attention has been given in providing adequate technical details and guidelines for practically implementing closed-loop controllers that control the active and reactive power response of a PV system in order to regulate the PCC voltage of the PV system. In some cases, [12] , the reported design is subject to patent and therefore difficult for other researchers to access. In other instances, the technical details required to replicate the controller are not presented. In this paper, a detailed design procedure of closed-loop active and reactive power controllers that are capable of dynamically regulating the PCC voltage of a gridconnected PV system is provided.
Large variations in grid impedance can affect the performance of PCC voltage controllers. Therefore, the sensitivity of the developed controllers to grid impedance variations are discussed together with their respective controller gain values. The design strategies required in order to account for the wide range of grid impedances is not considered in the current research. Instead, both the simulation and experimental analyses use typical grid impedances as defined in [16] .
The contributions of the current research are the development of an active power controller that can be used to control the PCC voltage of a PV system dynamically and two novel operating strategies developed by combining the operation of closedloop active and reactive power controllers. In this research, simulation results of a PV system that is integrated with closed-loop active and reactive power controllers are presented. Experimental results are provided to demonstrate the robustness of the designed closed-loop active and reactive power controllers and the feasibility of implementing novel operating strategies for grid-connected PV systems proposed in the current research.
The technical scope of this paper is limited to illustrate the design of dynamic active and reactive power controllers in detail and the introduction of the aforementioned operating strategies for a grid-connected PV system. The effects of dynamic behaviour of loads and other inverter interfaced energy sources connected to the grid are not considered in this paper. Evaluation of the performance and interaction of the dynamic active and reactive power controllers and the proposed novel operating strategies under external disturbances are future work arising from this research. Sufficient design detail has been presented that will enable other researchers to extend and develop the concepts outlined in this paper.
The remainder of this paper is organised as follows: the simplified model of the grid that is considered in designing the closed-loop active and reactive power controllers are described in Section 2, and in Section 3, the design procedure of the closed-loop reactive power controller is presented. The detailed design procedure of the closed-loop active power controller is illustrated in Section 4. In Section 5, two novel operating strategies are proposed by combining both active and reactive power controllers. Finally, in Section 6, experimental results of the proposed controllers and operating strategies are presented followed by conclusions in Section 7.
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Vg Vs Figure 1 : Grid-connected PV system with a two-stage converter
Simplified model of a distribution feeder
The modelled PV system shown in Fig. 1 consists of component models of a PV array, a DC-DC boost converter, a voltage source converter (VSC), an LCL filter, and a model of a power distribution grid.
The active and reactive power controllers are designed without considering the effects of the dynamic behaviour of loads and other inverter interfaced energy sources connected to the grid. Hence a simplified model of a power distribution feeder is considered in the design as shown in Fig. 2 . The grid is modelled with an equivalent Thèvenin voltage source (of which the rms voltage at the terminal is V s ) that is connected in series with a resistor, R g , and a reactance, X g . The rms voltage at the PCC of the PV system is V g . The reactance X f represents the LCL filter of the PV system. The PV system is considered to inject current I g to the grid resulting in real power of P g and reactive power of Q g delivered to the grid.
The reference impedance for low voltage public supply systems given in [16] for electrical apparatus testing purposes is used to model the grid impedance. Hence the grid impedance of the simplified model of the power distribution feeder is R g +jX g = (0.4 + j0.25) Ω. The R/X ratio of the considered grid is approximately 1.6. Hence an opportunity exists to regulate the PCC voltage by dynamically regulating the active and reactive power response of the PV system. The closed-loop PCC voltage controller that dynamically controls the reactive power response of the PV system (herein after referred to as the PCC V Q controller) described in detail in [17] is summarised in this Section.
Figure 2: Simplified model of a power distribution feeder.
Control plant model of the PCC V Q controller
The control plant model of the PCC V Q controller, G V gQ (s) can be derived as given in (1) [17] . The plant model is derived by applying a time discriminated decoupling mechanism as suggested in [18] to decouple the PCC V Q controller from the rest of the control system of the PV system. In (1), L g = X g /ω where ω is the nominal power frequency. ∆V gm is the change in the peak value of the PCC voltage V g , due to ∆I gq change in the peak value of the reactive current absorbed by the PV system.
The closed-loop system of the PCC V Q controller is shown in Fig. 3 (a) where V gm is the peak value of the PCC voltage V g , and V gm can be obtained through the phase-locked-loop (PLL) of the PV system [19] . V gm0 is the peak value of the reference voltage of the PCC. Q ref is the reactive power reference. I qref is the peak value of the reactive current reference of the closed-loop current controller, G cc (s) is described in detail in [19] . I gq is the peak value of the reactive current output of the PV system and G V gQ (s) is the plant model of the PCC V Q controller.
An integrator with a gain is a suitable compensator for the PCC V Q controller. Further, the gain of the integrator, k pq , as shown in Fig. 3 (a), can be determined to achieve the steady-state of the PCC V Q controller within a suitable time delay using the reference grid impedance as mentioned in Section 2, assuming G cc (s) = 1 [17] . In this case, 1 s was chosen as the settling time.
Simulation results obtained by integrating the PCC V Q controller with the simulation model of the PV system in [19] are shown in Fig. 3(b) . In this simulation study, the PCC voltage was controlled only by the PCC V Q controller by absorbing reactive power from the grid. Active power injection of the PV system is not impacted by the operation of PCC V Q controller since active and reactive power controllers are decoupled. The graphs in the figure illustrate the dynamic performance of the PCC V Q controller under an external disturbance; a step change in the network voltage, represented by V s in Fig. 2 . In the simulation model, V gm0 was set as √ 2U max and the PCC V Q controller was configured to activate only when V gm > V gm0 . At time t = 1 s, a step change in the network voltage was applied. The applied network voltage change has caused the PCC voltage to rise above the reference voltage. Hence, the PCC V Q controller was activated and the controller was able to regulate the PCC voltage at the reference level set within 1 s.
PCC voltage regulation with the dynamic active power controller -(PCC V P controller)
The detailed design procedure of the closed-loop PCC voltage controller that dynamically controls the active power response of a grid-connected PV system (herein after referred to as the PCC V P controller) is explained in this Section. 
Decoupling of the PCC V P controller
In the grid-connected PV system shown in Fig. 2 , the amount of active power injected is determined by the response of the controller of the DC-DC boost converter. The reference to the controller of the DC-DC boost converter is provided by a maximum power point tracking (MPPT) algorithm. In the PV system, the active power flow is controlled by the DC-link voltage controller and the current controller. The accurate command tracking of the control system of the PV system and also decoupling of control systems (as suggested in [18] ) where applicable are realised by properly selecting the response time of the controllers [17] , [19] . Similarly, the response time of the PCC V P controller is discriminated in order to decouple the controller from the rest of the control system that is associated in active power transfer of the PV system.
Control plant model of the PCC V P controller
The control plant model of the PCC V P controller is derived based on the simplified model of the power distribution feeder shown in Fig. 2 . Further, since the PCC V P controller is designed to have a long response time compared to that of the current controller of the PV system, steady-state operation of the network shown in Fig. 2 is considered while deriving the control plant model. If KVL is applied to the circuit in Fig. 2, (2) can be derived.
A small change in the peak value of the active current injected to the grid by the PV system, ∆I gp is considered. The change in the peak value of V g because of the voltage drop jX g ∆I gp can be assumed negligible since V gm >> |X g ∆I gp | (V gm is the peak value of V g ). Hence, the phase angle deviation between V g and V s because of the small change in the active current injected to the grid can be disregarded. Therefore, for a small change in active current injected to the grid by the PV system, (3) can be derived from (2) . In (3), ∆V gm is the change in the peak value of V g because of
The control plant model of the PCC V P controller can be obtained as given in (4) by applying the Laplace transformation to (3).
4.3. PCC V P controller The proposed closed-loop PCC V P controller is shown in Fig. 4 . This controller regulates the PCC voltage by controlling the active power injected by the PV system in situations where V gm > V gm0 . In such a situation, the operating point of the PV system deviates from the maximum power point (MPP) and the PV system is operated at a lower power level. Therefore, when the PCC V P controller is enabled, MPP tracking is not needed. Hence the MPPT tracking algorithm is configured to deactivate upon the activation of the controller. In Fig. 4, V mpp0 is the voltage at the maximum power point (MPP) where the PV array was operating before the PCC V P controller commences regulating the PCC voltage. G V gP (s) is the control plant model of PCC V P controller.
In Fig. 4 , Block B represents the mathematical relationship between the active power injected to the grid by the PV system, P g and the operating voltage of the PV array, V pv . The mathematical relationship can be derived by considering the characteristic curves of the PV array. A typical terminal voltage and power characteristic curve of a PV array is shown in Fig. 5 the grid by the PV system if the voltage across the PV array is controlled at V pv , assuming system losses are negligible. Such control action leads the operating point of the PV array to be at A. In Fig. 4 , I gp is the peak value of the active current injected to the grid. The closed-loop current controller of the PV system is not shown in Fig. 4 as it is considered to be a pure gain equal to unity. The PCC V P controller is designed in such a way that the operating point of the PV array is maintained at an operating point to the right-hand side of the line P mpp V mpp0 in Fig. 5 . In the PCC voltage controller shown in Fig. 4 , δV pv (> 0) is the voltage added to V mpp0 in order to curtail the active power injected by the PV system to control the PCC voltage by moving the operating point of the PV array to a lower power level, P g (< P mpp ). The voltage δV pv that should be added to V mpp0 to control the PCC voltage is the output of the compensator. Since δV pv is added to V mpp0 and also δV pv > 0, when active power is curtailed, V pv > V mpp0 . Thereby a stable operating point is always maintained in the PV array when the active power is dynamically controlled to regulate the PCC voltage.
In the characteristic curve of the PV array shown in Fig. 5 , only the section V mpp0 P mpp AV oc is of the interest since the PCC V P controller ensures that the operating point of the PV array to be within P mpp AV oc . The curve section P mpp AV oc of the characteristic curve of the PV array is non-linear. In order to derive an approximated linear expression for the Block B, the curve section P mpp AV oc of the characteristic curve of the PV array is approximated to the straight line P mpp V oc . With the stated approximation, the operating point of the PV array becomes B when injecting an amount of active power equals to P g to the grid and the voltage of the PV array at B is V pv . A linear expression for the Block B can be derived using triangles V mpp0 P mpp V oc and V pv BV oc in Fig. 5 , such that:
and rated conditions is generally available from the data sheet of the PV panel. Hence, in general, the data sheet of the PV panel can be used to determine the parameter m in Block B. For the given operating conditions of the PV array described by Fig. 5 , m = −70 W/V and C = 25200 W as given in (6) . Block B in Fig. 4 can be represented as illustrated in Fig. 6 with the use of (6). The effect of the linear approximation that is made while deriving (6) is disregarded when representing the Block B in detail in Fig. 6 , so that V pv in (6) equals to V pv . When designing the PCC V P controller, the loop gain, m of the Block B, is only considered while disregarding C, considering that as a disturbance.
PCC V P controller with a proportional gain and an integrator as the compensator
A suitable compensator for the PCC voltage controller should be chosen. The PCC V P controller shown in Fig. 4 and the PCC V Q controller shown in Fig. 3(a) demonstrate similar dynamic characteristics. The only difference between the two control loops is the static gains. Therefore, an integrator with a gain identified as a suitable compensator for the PCC V Q controller can be applied in the PCC V P controller as well.
The closed-loop transfer function of the PCC V P controller with the chosen compensator can be derived as,
where k pp is the gain of the integrator. Equation (7) can be simplified as,
where
As per (8), the dynamic performance that determines the time constant of the PCC V P controller, depends on the gain of the controller as well as the grid impedance that is seen by the PV system at the PCC. The time constant of G V gPcli (s) is set to 0.2 s when the grid impedance is (0.4+j0.25) Ω. The chosen time constant for the closed-loop PCC V P controller is high enough to decouple this controller from the rest of the control system that is associated with the active power transfer of the PV system. With the chosen time constant for the PCC voltage controller,
and if the reference grid impedance is applied,
For the given operating conditions of the PV array illustrated by Fig. 5 ,
The performance of the PCC V P controller is evaluated by integrating the PCC V Q controller with the simulation model of the PV system in [19] . In this simulation study, the PCC voltage of the PV system was controlled only by the PCC V P controller. Hence reactive power controllers were disabled. The PCC voltage reference, V gm0 was set to √ 2U max . Simulation results of the PCC voltage controller are shown in Fig. 7 . Initially the PCC V P controller was deactivated and at t = 1 s, the controller was activated. As shown in Fig. 7(a) , the controller was able to regulate the PCC voltage at the reference voltage by curtailing approximately 1.8 kW. The steady-state has been reached within 1 s.
Since the time constant of the PCC voltage controller is chosen as 0.2 s, the steady state should be attained within 1 s after a disturbance. The simulation results verify this performance criteria and hence the design criteria of the PCC V P controller. Further, the dynamic response of the PCC V P controller is slightly different to the dynamic response of a first order system. This deviation of the response is due to the linear approximation of the characteristic curve of the PV array that was made in deriving the expression for Block B in Fig. 4 .
Advanced PCC voltage control strategies for PV systems
The PCC voltage of a grid-connected PV system can be regulated at a set reference voltage with dynamic active and reactive power controllers, namely the PCC V Q controller and the PCC V P controller discussed in previous sections. If real power is curtailed to regulate the PCC voltage of the PV system as is achieved using the PCC V P controller, two different operating strategies that combine the operation of the PCC V Q controller and the PCC V P controller can be proposed.
Fixed minimum lagging power factor operation
The minimum lagging power factor at which a grid-connected energy system via an inverter should be operated is specified as 0.95 in AS4777.2 [4] . Even if the active power is curtailed to regulate the PCC voltage of the PV system, by adhering to the standard, the minimum lagging power factor of the PV system can be maintained at 0.95 and such an operation of the PV system is described in this section. 
Figure 8: Novel operating strategies for a PV system; (a) fixed minimum power factor operation and (b) fixed maximum apparent power operation.
The fixed minimum power factor operation of a PV system is illustrated in Fig. 8(a) . Here, S r is the rated apparent power capacity of the VSC that interfaces the PV system to the power distribution grid and the lagging power factor, cos(φ) = 0.95. At a given time, the active power injected to the grid by the PV system is P g . At the operating point a, the PV system is injecting the nominal power, P n , of the PV system to the grid and hence P g /P n = −1. The PCC V Q controller is active from a to b, and the controller saturates at b as a result of the PV system reaching the minimum lagging power factor limit. After b the MPPT of the PV system is disabled and the PCC V P controller is activated. The operating point of the PV system moves towards o from b until the PCC voltage is regulated at the reference voltage. Though the PCC V Q controller is active from b to o, it does not contribute to dynamic PCC voltage regulation actively since the controller is saturated.
The operation of the PV system at a minimum lagging power factor is ensured by the fixed minimum power factor operation of the PV system. In this operation mode, the full capacity of the PV system may not be used most of the time. Further, when the PCC V P controller is enabled, in order to maintain the minimum lagging power factor, the reactive power absorbed from the grid is reduced in proportion to the amount of active power curtailed. The reduction in the amount of reactive power absorbed by the PV system causes further active power curtailment in order to regulate the PCC voltage at the reference level.
Fixed maximum apparent power operation
The purpose of defining a minimum power factor in the Australian Standard AS4777.2 [4] is to minimise the reactive power flow in the grid in order to reduce the network losses and to avoid overloading the distribution transformer in a large installation of grid-connected energy systems via inverters. The weakest nodes in the power distribution grid are the most sensitive nodes to voltage variations and are the most effective nodes to regulate the voltage. If the reference voltages of dynamic active and reactive power controllers are properly selected, the PV systems at weak nodes may start regulating the respective PCC voltage before other PV systems in the grid. If the PCC voltage regulation is enabled without limiting the reactive power absorption to a minimum lagging power factor operation but limiting to the available capacity of the VSC, the PV systems at the strong nodes of the grid may not need to contribute to the voltage regulation of the network. But the PV systems at weak nodes may contribute to voltage regulation of the grid utilising the rated capacity of such systems. Hence reactive power flow in the network may be minimised.
The fixed maximum apparent power operation of a PV system is illustrated in Fig. 8(b) . The operation of the PV system from a to b is same as that is described in Section 5.1. At b, the PCC V Q controller is saturated and the PCC V P controller is activated. Unlike fixed minimum power factor operation, when power is curtailed to regulate the PCC voltage of the PV system, a proportional amount of reactive power is absorbed by the PV system. Hence, after b, active power curtailment as well as the additional reactive power absorbed by the PV system contribute to PCC voltage regulation. Though the PCC V Q controller is enabled after b, that controller does not contribute to voltage regulation actively since the controller is saturated.
Since the full power capacity of the VSC that interfaces the PV system to the grid is used, the active power curtailment to regulate the PCC voltage in the fixed maximum apparent power operation is less compared to the fixed minimum power factor operation of the PV system. In fixed minimum power factor operation, the PV system may disconnect from the grid after curtailing active power up to a certain level. However, in fixed maximum apparent power operation the PV system stays connected to the grid even though injecting no active power while absorbing reactive power to regulate the PCC voltage.
Experimental results
The dynamic performance of the PCC V Q controller and the PCC V P controller, and also the feasibility of implementing the novel operating strategies proposed for a PV system in this paper, were experimentally verified and the results are presented and discussed in this Section. An experimental setup of a single-phase, grid-connected, two-stage PV system established in the laboratory was used to obtain test results. A schematic diagram of the experimental setup is shown in Fig. 9 . A detailed simulation model of the implemented experimental setup can be found in [19] .
An ELGAR Terra SAS PV array emulator was used for the PV system. A California Instruments MX30 AC and DC power source in combination with OMNI 3 − 75 impedance bank was used to simulate the power distribution grid. The impedance of the simulated grid was (0.25+j0.25) Ω. Each practical result obtained using an oscilloscope and presented in this section consists of 4 waveforms; (1) the rms voltage at the PCC of the PV system, V g (2) reactive power injected to the grid, Q g (3) active power injected to the grid, P g and (4) the current injected to the grid by the PV system, i g . The first three quantities, V g , Q g and P g were obtained through the controller and displayed on the oscilloscope via D/A conversion channels. The ripple on the waveform of V g is an artifact of the A/D conversion of the measured PCC voltage.
In the controller of the experimental PV system, the voltage reference of the PCC V Q controller and the PCC V P controller were set as √ 2U max . The practical results showing the dynamic performance of the PCC V Q controller and PCC V P controller and also the proposed novel operating strategies were obtained by introducing a step voltage change in the grid that causes the PCC voltage of the PV system to rise above √ 2U max . As per (1), the dynamic performance of the PCC V Q controller depends on the reactance, X g , but not on the resistance, R g , of the grid impedance seen by the PV system at the PCC. The reactance of the grid impedance as used in the simulation and experimental setup is similar. Hence, the gain of the integrator as used in the simulation work presented in Section 3.2 was used in the controller of the experimental PV system so that the steady-state of the PCC V Q controller is reached within 1 s.
The dynamic performance of the PCC V Q controller is shown in Fig. 10(a) . In this experiment the PCC V P controller was disabled. According to Fig. 10(a) , the PCC V Q controller has been activated once V g rises above U max , i.e. 253 V. After the step voltage change in the grid, the PCC voltage is seen to be regulated at the reference level by absorbing approximately 1.75 kVAr of reactive power and the steady-state has been reached within approximately 1 s.
Unlike in the case of the PCC V Q controller, the dynamic performance of the PCC V P controller depends primarily on the resistance of the grid impedance, R g , as per (4) . The resistance of the grid impedance in the simulation work presented in Section 4.4 and the experimental PV system are different in value. Therefore the gain of the integrator of the PCC V P controller, k pp is calculated as 51 to obtain the steady-state response of the PCC V P controller of the experimental PV system within 1 s, assuming the characteristics of the PV array are as shown in Fig. 5 . Fig. 10(b) illustrates the dynamic performance of the PCC V P controller. In this experiment the PCC V Q controller was disabled. According to Fig. 10(b) , after the step change in voltage of the grid that causes the PCC voltage to rise above U max , the PCC V P controller has been able to regulate the PCC voltage at U max by curtailing approximately 1 kW of active power. The steady-state has been reached within approximately 1 s. As shown, the smoothness of the P g variation has been degraded when P g is curtailed to regulate the PCC voltage. This behaviour is introduced by the PV emulator in combination with the power electronic converter used in the experimental PV system since the emulator is unable to maintain a steady operating point at lower power levels of the characteristic curve. The variation of P g as shown in Fig. 10(b) is comparable with that of Fig. 7(b) .
The fixed minimum power factor operation and the fixed maximum apparent power operation of the experimental PV system are illustrated in Fig. 11(a) and Fig. 11(b) respectively. In the respective operating mode, the minimum power factor was set as 0.95 lagging and the maximum apparent power of the VSC was limited to 3.2 kVA. In both operating modes, initially the PCC V Q controller was triggered upon the PCC voltage rising above U max . Then that controller saturated upon reaching the reactive power limit specified by the operating mode at a and b in Fig. 11(a) and Fig. 11(b) respectively. In both operating modes, the PCC V P controller was triggered when the PCC V Q controller was saturated and active power curtailment commenced in order to regulate the PCC voltage at U max . As illustrated in Fig. 11(b) in the fixed maximum apparent power operation of the PV system, the PCC voltage can be regulated by curtailing a lower amount of active power and obviously absorbing a larger amount of reactive power from the grid, unlike in the fixed minimum power factor operation of the PV system as illustrated in Fig. 11(a) . In steady-state, the PV systems was injecting about 1.2 kW to the grid while absorbing only about 0.4 kVAr from the grid in the fixed minimum lagging power factor operation and injecting about 2.1 kW to the grid and absorbing about 2.5 kVAr from the grid.
Conclusions
The proposed closed-loop PCC voltage controllers in this paper are able to regulate the PCC voltage of a PV system at a reference level by dynamically controlling the active or reactive power response of the PV system. Simulation results and experimental validations presented in this paper prove that the controller design procedures illustrated in this paper are accurate and the response of the controllers is predictable. The fixed minimum power factor operation that is proposed by combining closed-loop PCC voltage controllers minimises the reactive power consumption while staying connected to the grid until the power is curtailed to a specified level. Unlike in the fixed minimum power factor operation, the maximum apparent power operation proposed in the paper may utilise the full capacity of the converter that interfaces the PV system to the grid. Therefore, with the maximum apparent power operation of a PV system, PCC voltage regulation may be achieved with minimum active power curtailment. Further, the maximum apparent power operation the PV system may provide voltage support with reactive power even without injecting any active power to the grid.
The closed-loop PCC voltage controllers discussed in this paper will lead to effective and robust PCC voltage regulation of a PV system with both active and reactive power. Further, the novel operation strategies proposed will enable effective utilisation of PV systems in order to contribute to grid voltage control.
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